Introduction
This paper reports experiments on the transition to convection for impulsive heating and the resulting steady state heat transport in a saturated porous medium. While the stability problem and steady convection in such systems have an extensive literature, the situation considered here has received scant attention. Steady state heat transfer results include measurements of Nusselt number for a saturating fluid with a strongly temperature-dependent viscosity. For Rayleigh numbers well above the transition to convection, turbulence is observed, and we quantify fluctuating temperatures to estimate the velocity of thermals that contribute to eddy diffusivity for heat. Measurement and analysis of time-averaged temperature profiles provide insight on the large scale features of the flow in steady convection.
The critical Rayleigh number for marginal stability in fully saturated porous layers for a wide range of thermal boundary conditions has been determined ͓1-5͔. Experiments verifying many of the analytical results have been reported as well ͓6,7͔. These analyses predict the condition for the onset of convection when the initial temperature ͑conduction͒ gradient and thermal boundary conditions are independent of time. Much less work has been published when instability is driven by a transient conduction state.
Currie ͓8͔ modeled transient constant flux bottom heating in a semi-infinite porous layer by assuming a linear temperature profile between the surface and a thermal penetration depth, ␦͑t͒. His linear stability analysis with this approximate profile yields critical Rayleigh numbers as a function of the thermal penetration depth. An interesting result is that transition to convection can occur for Rayleigh numbers less than those obtained for the Rayleigh-Bénard problem in a saturated porous layer. Nield ͓9͔ extended Currie's analysis to porous layers of finite thickness with constant flux heating at both surfaces. The critical Rayleigh number in terms of the dimensionless thermal penetration length ͑dif-fusion boundary layer͒ is Ra c = 12 3 − 2 2
͑1͒
Nield also found that transition to convection can occur at Rayleigh numbers lower than those obtained for a stationery conduction profile, i.e., for = 1. More recent research has expanded and refined his results ͓10-13͔.
Once convection is established, characterization of convective heat transfer needs to be made. Many experiments have been performed on steady convection in porous layers heated from below, and the data for the overall heat transfer coefficient have a great deal of scatter, e.g., in a graph of overall Nusselt number versus Rayleigh number, which has been attributed to a neglect of the effects of layer aspect ratio, fluid inertia, and improper modeling of the overall thermal conductivity ͓14-24͔. A few studies ͓21-23͔ report that the scatter can be reduced by taking into account the effects of fluid inertia essentially via a modified Prandtl number and the Kozeny-Carman number, K/bH ͓24͔. Wang and Bejan ͓25͔ used scale analysis to argue for the dependence of the Nusselt on the Prandtl number and cited data from previous researchers to obtain a heat transfer correlation. However, Prasad et al. ͓26͔ argued that the dependence of the Nusselt number on the Prandtl number is unlikely and proposed use of an effective thermal conductivity based on an ad hoc iterative procedure to reduce scatter in the heat transfer data. Kladias and Prasad ͓27͔ found via numerical analysis that the fluid Prandtl number for sufficiently low Darcy number can affect the critical Rayleigh number. Lage et al. ͓28͔ successfully disputed this result and argued that the Prandtl number has no effect on the threshold of convection and only affects the intensity of convection. Further confirmation of Lage's result is given by Nield and Bejan ͓4͔.
To date no experimental work has appeared on the transition to convection in a saturated porous layer instantaneously heated, i.e., by a step heat input, from below at constant heat flux with an isothermal top. Likewise, neither numerical nor analytical studies directly address these boundary conditions. Based on the analysis that has been performed thus far, it is not clear whether a Prandtl number dependence on the onset of convection should be expected. Also, the validity of the piecewise linear temperature profile, which has been widely used for time-dependent heating, remains to be determined. This is an especially important issue because stability analyses based on this profile predict a critical Rayleigh-Darcy number lower than that in the case of a steady linear temperature profile across the entire layer ͓8,9,11͔. Further, Jonsson and Catton ͓23͔ showed for steady convection that measured and calculated values of effective thermal conductivity of the porous medium can be drastically different. Improved models for effective conductivity may reduce the scatter in overall heat transfer coefficients for steady convection, and several studies have shown that accounting for the effect of fluid inertia can also reduce scatter ͓21-25͔.
Apparatus and Procedure
The apparatus is a well insulated acrylic cylinder with a constant heat flux lower plate and a constant temperature upper plate. The cylinder has a 20.3 cm ID, a height of 38.7 cm, and a wall thickness of 1 cm. The top plate is a water jacket with a hole through its center so that thermocouples can be located inside the test cell along its centerline. The lower plate utilizes a thin heating element and guard heater beneath it contained in an acrylic guard plate that is integrated with the base of the cylinder. An aluminum plate 1.55 mm thick with embedded Type E thermocouples covers this heater. One thermocouple is located at its center, and four equally spaced thermocouples are located on radii between the center and its outer edge. Temperatures are recorded from up to 36 thermocouples during each experiment: six in the aluminum plate above the primary heater, six below the guard heater, five in the water jacket plate, two at the water jacket inlet and exit temperatures, one on the outer surface of the test cell, and up to 16 inside the porous medium at various radial and axial locations. A set of thermocouples in the fluid across the cross section of the porous medium is suspended 3 cm above the heated surface attached with epoxy to a horizontal grid of monofilament nylon. Radial locations of these thermocouples are r / r 0 = 0, 0.259, 0.366, 0.499, 0.563, 0.707, and 0.753. Temperatures on the centerline are measured at z / H = 0. 078, 0.13, 0.18, 0.23, 0.40, 0.57, 0.74, and 0.90 . All thermocouples are made of 40 Ga Type E wire with twisted and soldered junctions, and the time constant for these thermocouples is ϳ0.05 s. Additional details of the design and assembly are discussed elsewhere ͓29-31͔.
The porous medium comprises 6 mm DIA soda-lime-silicate glass spheres ͑k s = 0.64 W / m K and ␣ s = 2.79ϫ 10 −7 m 2 / s obtained by chemical analysis ͓31͔͒ and either water or a glycerinwater solution comprising 70% glycerin and 30% water by volume. The bulk porosity is 0.395ϽϽ0.399 over the 35 experiments in this study and is determined by measuring the volume of liquid required to fill the test cell after the glass spheres have been loaded into it. In all experiments great care is exercised to assure that the solid phase makes uniform contact with the upper surface with no air pockets between the spheres and the top plate.
Prior to each experiment, room temperature water is circulated through the water jacket, and temperatures are monitored to make sure that the system is in thermal equilibrium at the temperature of the cold upper surface, T i . An experiment is initiated by supplying power to the primary heater and comprises the heat up phase, initiation of convection, attainment of steady convection, and measurement of temperatures in steady convection. The critical elements of data reduction are the heat flux into the porous medium at each stage of an experiment and the transition time to convection using temperature-versus-time data. At the start of each experiment, the primary heater in the lower plate is used with an inactive guard heater. Initially, heat penetrates into the guard plate and the porous medium above it, and both can be considered initially semi-infinite. With the heater-aluminum and the heaterguard plate interfaces initially at the same temperature, the relation between the heat flux into the porous medium and that into the guard plate when radial heat losses are negligible is
is valid up to the onset of convection.
To determine the heat flux into the porous medium during the conduction phase of the experiment, three methods are used: evaluation of Eq. ͑2͒, experimental data in conjunction with an analytical model, and experimental data in conjunction with a numerical model. For the numerical model, measured temperature histories in the aluminum top plate and at the guard heater are used as boundary conditions. The analytical model for heat transfer into the medium is based on the conduction solution for the temperature at z =0,
Linear regression is used to obtain the heat flux entering the porous medium from a plot of the lower boundary temperature versus t 1/2 . The three methods produce heat flux values in very good agreement, with an average difference of less than 11% over the entire data set and a 7.5% standard deviation in the fraction of main heater power delivered to the porous medium. The details and comparison of each method of heat flux evaluation are given by Kohl ͓29͔.
In steady convection, power input to the guard heater is manually adjusted so that its temperature is equal to that of the primary heater. This procedure eliminates the thermal gradient in the guard plate and ensures that the heat generated by the primary heater is nearly as possible directed into the porous medium above it. Once the guard heater has been adjusted, the system is monitored until stabilized, and the heat flux into the medium is simply the power supplied to the primary heater.
Transition to Convection
To determine the transition from conduction to convection, the temperature of the lower surface is plotted as a function of time and compared with the analytical solution for conduction heat transfer. The deviation of this temperature from the transient conduction solution signals the transition to convection, i.e., the breakdown of the diffusion boundary layer on the wall. Owing to the difficulty in resolving the temperature-versus-time data, the transition time can be accurately determined when the data are plotted in terms of stretched coordinates of the form Nu ␦ ·Ra ␦ versus Ra ␦ , where the diffusion length is taken for the length scale. For conduction into a semi-infinite domain, the temperature rise across the penetration depth is given by Eq. ͑3͒, and with h = q 0m / w , Nu ␦ = / 2. Prior to the onset of convection, Nu ␦ Ra ␦ =Ra ␦ / 2, and once convection begins, the data deviate from this line. For Fig. 1 , the departure of the data from conduction solution, Nu ␦ Ra ␦ =Ra ␦ / 2, was seen at ϳ140 s. A break in the slope is obtained at the intersection of the conduction solution and a regression line fit to the heat transfer data for RaϾ 50. Figure 2 presents the transition to convection in terms of Ra c and with properties evaluated at the average temperature across the layer, and the working fluid is water. The data trend is similar to that determined analytically by Nield ͓9͔ except that the measured values are higher. Also, Nield's result pertains to two constant heat flux boundaries for which Ra c = 12. For the boundary conditions of the present study, the analytical result is Ra c = 27.1. The magnitude of Ra c observed in this study is much greater than the difference in the critical Rayleigh numbers that can be attributed to the effects of the thermal boundary conditions. This dif-
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Transactions of the ASME ference is likely due to the differences in stability criteria created by the stationery piecewise linear temperature profile assumed by Nield and the true conduction profile. The increase in the conduction penetration depth with time in the present work has a stabilizing effect that is not possible to model with Nield's analysis and thus produces a different stability criterion. However, owing to the similarity between Nield's analytical result and the present experimental data, a correlation for the critical Rayleigh number of the form
is obtained by least-squares regression.
By noting the similarity of the penetration depth model used by Currie ͓8͔ and the linear temperature profile between the upper and lower boundaries used in the stability analyses mentioned earlier, ␦͑t͒ can be used as the length scale for the Rayleigh number. A plot of Ra ␦c as a function of is shown in Fig. 3 where Ra ␦c remains relatively constant for 0.02Ͻ Ͻ 0.18. The average Ra ␦c over this range is 83Ϯ 8, where the uncertainty is the standard error times the student "t" value. Also shown in Fig. 3 is the critical Rayleigh number for the boundary conditions of the experiment, Ra c = 27.1, predicted by stability analysis for a stationary linear temperature profile between the upper and lower boundaries. Just as the measured value of Ra c is greater than would be expected form theory, the data for Ra ␦c are consistently greater than expected via this simple analogy. Also, it is interesting to see that the stability limit determined in terms of penetration depth appears not to be strongly dependent on either the temperaturedependent viscosity or the larger Prandtl number of the glycerinwater fluid phase.
Steady State Heat Transfer
Overall Nusselt numbers are determined with water and a water-glycerin solution as the working fluids. Owing to the large variation of viscosity with temperature for the water-glycerin solution, property evaluation is critical to how the present data are presented. Sheely ͓32͔ reported the temperature dependence of viscosity for water-glycerin solutions from 293 K to 303 K, and because this temperature range does not cover the entire range required for the present study ͑302.2-313.8 K͒, an exponential form = ͑1.22ϫ 10 −8 ͒exp͓4234.4/ T͔ successfully extends the range of the data. Data from Raznjevic ͓33͔ are used to determine water viscosity. Reference values of the thermophysical properties are given in the Appendix for the benefit of comparison to future studies.
Steady heat transfer coefficients are well represented by a correlation that corrects for viscosity variation with a ratio of viscosity at the average layer temperature and that at t = 0, or equivalently at the temperature of the upper ͑cold͒ boundary. Linear regression of reduced steady heat transfer data gives ͑5͒ are evaluated at the average temperature across the height of the porous medium. Equation ͑5͒ is shown in Fig. 4 with data for both water and the water-glycerin solution as the fluid phases. The present correlation is relatively insensitive to the method of evaluation of the effective stagnant conductivity of the porous Elder ͓15͔ proposed a correlation for steady convection in the form Nu= Ra/ 40 for two constant temperature boundary conditions, and the Nusselt numbers given by Eq. ͑5͒ are in reasonably good agreement with this relation. However, by fitting the Nusselt number data to a linear expression, we obtain Nu= Ra/ 35 ͑r = 0.945͒, wherein the fluid properties are evaluated at the mean temperature of the porous medium. Equation ͑5͒ produces less scatter at low Rayleigh numbers, but the overall fit of this modified Elder-type relation is equally as good for engineering purposes.
Steady and Fluctuating Temperatures
Extensive measurements of time varying temperatures within the porous medium over the full extent of the heating schedule have been obtained for centerline and radial temperatures at z / H = 0.078 for 0 Ͻ t ϳ 10 6 s. Representative distributions are shown in Figs. 5-8 over the cross section and along the centerline.
All temperatures exhibit an initial growth period during which those on the heated surface and near to it grow in accordance with heat conduction theory. When a critical Rayleigh number is reached ͑Figs. 2 and 3͒, chaotic motion begins that signals the breakdown of the conduction layer and formation of large ther- 
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Transactions of the ASME mals that rise into the overlying porous medium. In all experiments, this breakdown is accompanied by an initial fall in temperatures and then a recovery after which fluctuating temperatures are observed at all radii and heights above the heated surface. For example, Fig. 5 shows centerline temperatures for 0 Ͻ t Ͻ 5000 s at RaϷ 2700. The initial temperature excursion at z / H = 0.078 appears well before excursions take place at locations much further removed from the heated surface. After t ϳ 1000 s, the entire system has transitioned to a chaotic state. When t Ͼ 4000 s, the temperature profile appears established, and turbulent temperatures oscillate about well defined average values. An extensive set of temperature traces is available that supports these general observations ͓29,31͔. It is also noteworthy that no correlation appears to exist in the fluctuations with respect to radial location in the present experiments. There is, however, observational evidence that large scale fluctuations have a spatial scale on the order of the diameter of the heated surface and that these temperature excursions above and below the temporal mean appear to have some relation to each other. This aspect of the data is interpreted to represent the flow of large eddies, or thermals, much the same as observed in turbulent Rayleigh-Bénard convection. These rising flows are essentially plumelike in character and represent up-welling motions leaving the heated surface from approximately its central region.
The time-averaged radial and centerline temperature profiles are of interest because they provide further insight on the structure of the flow field. Radial temperature profiles ͑Figs. 6 and 7͒ give an indication of the overall spatial structure of the buoyant convection. For both data sets, convection is dominated by upward flow in the center with colder fluid descending along the vertical walls of the enclosure. Upflow is confined to approximately onethird of the central area of the heated surface and thus represents a higher velocity on average than that of the downflow. With no evidence of a reversal in the temperature profile with radius from the center to the wall, these data imply a global flow structure comprising an axisymmetric cell, at least for the range of Rayleigh numbers attainable with the present apparatus. Additional temperature profiles are available over the range of Rayleigh numbers attainable with the apparatus ͓29,31͔.
Once steady turbulent convection is established, centerline and radial temperature profiles oscillate around mean values that appear to be related to the slow overturning of fluid within the system. Figure 8 shows centerline profiles obtained in time segments of 5000 s over 10 5 s for RaϷ 2700. For 0 Ͻ t Ͻ 5000 s, heat transfer develops from the initial conduction transient to turbulent convection. For t Ͼ 60, 000 s, steady turbulent convection is observed. Based on segmented time averaging, the profiles generally exhibit a reversal at midheights for t Ͼ 35, 000 s. Such a reversal is not steady owing to the flow structure resulting from the aspect ratio of the apparatus ͑H / D = 1.9͒, and thus convection at these elevated Rayleigh numbers is quasistationary in nature.
Temperature-versus-time traces at steady state allow estimates of two important turbulent transport quantities, rms fluctuating temperature and the speed with which an eddy rises. The rms fluctuating temperatures are obtained from the magnitudes of the point values of temperatures in steady convection over a sample size of 10 4 . For 1300Ͻ RaϽ 2200, the dimensionless rms fluctuating temperature on the centerline over the eight measurement sites is ϳ0.045 K. Similar calculations for r / r 0 = 0.366 and 0.707 yield about the same order of magnitude of rms value but with slightly larger scatter for 1900Ͻ RaϽ 2600. A definitive relation between. rms temperatures and Rayleigh number is not possible with the present data set, but rms fluctuating temperatures appear to be weakly dependent on Rayleigh number and to increase over the range of Ra considered here. The rms fluctuating temperatures do not strongly depend on radius over ϳ70% of the cross sectional area over the heated lower surface ͑Figs. 9͑a͒ and 9͑b͒͒.
Estimates of the vertical eddy speed along the centerline are obtained from analysis of the peaks in the temperature traces. With the locations of the temperature probes known, a time correlation is obtained by computing the elapsed time between peaks as the warm fluid moves up the cylinder from one thermocouple location to the next. In nondimensional terms, this characteristic rise time is = ␣ e / z 2 . Results are summarized in Table 1 , and it can be seen that the warmer fluid loses both speed and temperature ͑energy͒ excess as it moves up the cylinder. 
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Transactions of the ASME Based on the analysis of Aichlmayr and Kulacki ͓30͔ and present measurements, energy loss from the apparatus to the ambient environment during steady convection amounts to no more than 5-9% of energy input to the main heater in the lower surface, and heat flux delivered to the porous medium during the conduction phase is determined with an uncertainty of less than 1%. Data reduction and heat loss estimates are made on the basis of property values referenced to 293 K with their temperature dependency determined from the published database for each. The Appendix provides this information as a foundation for future applications and comparison to the present results. Uncertainties in thermophysical properties, power input to the heating elements, and temperature measurements are summarized in Table 2 . These values are taken from either primary sources as reported or estimated from zero-level uncertainties. The uncertainty in dimensionless groups is computed using the root sum of squares method for single sample experiments.
Total fractional uncertainty in Nusselt number ranges from 4% to 9%, and in Rayleigh number in steady convection, 5% or less. These estimates of uncertainty are due largely to the accuracy obtained in determining the net heat flux at the lower surface that is transferred into the porous medium ͓29͔. Values of total uncertainty vary across the present data set, and the uncertainty in key dimensionless groups is discussed elsewhere ͓29,31͔.
Uncertainty in the transition time from conduction to convection is less than Ϯ5 s over all experiments for measured transition times of 72-5798 s. The fractional uncertainty in the transition time from conduction to convection varies from Ͻ0.01 to ϳ0.07. Rayleigh numbers at transition based on mean properties and the height of the test cylinder have fractional uncertainties ranging from 0.03 to 0.12. The Rayleigh number is evaluated in terms of w , and thus the uncertainty in heat flux in steady convection is inconsequential with respect to this correlation parameter.
Conclusion
Measurements of time-dependent transition to turbulent buoyant convection for bottom heated porous layers are reported, and a correlation is developed for steady heat transfer that accounts for a larger viscosity variation than in the published database.
Results for the transition to convection are found to correlate well for critical Rayleigh numbers as a function of the nondimensional penetration depth for 0.02Ͻ Ͻ 0.18. For the same penetration depth range, the onset of convection is also predicted by Ra ␦c =83Ϯ 8. When compared with theoretical stability predictions using approximate linear conduction temperature profiles, both Ra c and Ra ␦c are consistently greater. This result strongly suggests a stabilizing effect associated with the upward movement of the diffusion boundary layer, or penetration of the positively buoyant region on the lower surface into the stable overlying fluid, and the inadequacy of the linear temperature distributions used in available linear stability analyses ͓8,9͔.
Steady convection data are correlated well in terms of Ra, Pr, and a ratio of the viscosities at the upper and lower boundaries. The latter factor accounts adequately for the variation of viscosity that can result for fluids other than water, which is most frequently used in laboratory studies of the kind reported in this paper. It should be noted that the exponent on the Prandtl number in the correlation is found to be significant enough such that it cannot be neglected. Limitations on the present steady heat transfer correlation are ͑k f / k s ͒ water-glass ϳ 1, ͑k f / k s ͒ glycerin-glass Ϸ 0.8, and H / D = 1.9. Experiments for a wider range of aspect ratios and an expanded property range for the fluid would extend the validity of the current correlation and perhaps add a factor related to the enclosure geometry for both heat transfer and transition to convection.
Time-averaged temperatures in steady convection indicate that the global structure of the flow is a single convection cell dominated by an upflow that occupies approximately one-third of the central region of the cylindrical test cell. At Rayleigh numbers ϳ100Ra c and above, the upflow region appears to be sharply defined. Colder downflow occupies a larger outer annular area and thus has much reduced average velocities. Analysis of the temperature-versus-time traces along the centerline and at several radial locations at z / H Ϸ 0.08 reveals a weak dependence of the rms fluctuating temperatures on Rayleigh number. Additionally, time-averaged centerline temperature profiles reveal a reversal that appears to be quasisteady over experiments with duration of 10 6 s. Both of these features of the flow warrant further investigation both experimentally and theoretically, but as far as is known, rms fluctuating temperatures have hitherto not been reported in the open literature. Transactions of the ASME m ϭ property of or relating to the porous medium s ϭ solid ss ϭ steady state w ϭ wall, z =0 ␦ ϭ penetration depth
Appendix
Reference values ͑Table 3͒ for the thermophysical properties of the fluid phase and their variation with temperature are taken from Sheely ͓32͔ and Raznjevic ͓33͔. Values at 293 K are given for completeness and future analysis and manipulation of the present data. 
